We report a bandwidth variation technique in an acousto-optic filter. Utilizing the adiabatic conversion in both optical and acoustic modes, we obtain a novel hybrid waveguide composed of serial concatenation of single-mode fiber (SMF) and two-mode hollow optical fiber (HOF). On the basis of dissimilarity in the phase-matching conditions and beat-length dispersion in SMF and HOF, the FWHM of the resonant bands is varied from 3.8 to 190 nm near the 1. Fiber acousto-optic tunable filters (AOTFs) have been utilized for various dynamic wavelength-selective devices 1,2 with high potential merits, such as electronic tunability, fast response time of the order of microseconds, f iber compatibility, and low insertion loss. The resonant peaks can be f lexibly tuned in f iber AOTFs, but the bandwidth of each peak is limited by the relative dispersion of the coupled modes. Recently, there have been various efforts to control the bandwidth. These bandwidths, however, are not variable but are limited by the waveguide characteristics and beat-length dispersion between the coupled modes in the fibers, where optical and acoustic signals are guided.
Fiber acousto-optic tunable filters (AOTFs) have been utilized for various dynamic wavelength-selective devices 1, 2 with high potential merits, such as electronic tunability, fast response time of the order of microseconds, f iber compatibility, and low insertion loss. The resonant peaks can be f lexibly tuned in f iber AOTFs, but the bandwidth of each peak is limited by the relative dispersion of the coupled modes. Recently, there have been various efforts to control the bandwidth. These bandwidths, however, are not variable but are limited by the waveguide characteristics and beat-length dispersion between the coupled modes in the fibers, where optical and acoustic signals are guided.
In this Letter we propose a novel technique for controlling the bandwidth of AOTFs by hybridization of acousto-optic waveguides and adiabatic concatenation of conventional single-mode f iber-(SMF) and two-mode hollow optical f iber (HOF) for the f irst time to the knowledge of the authors. We provide a composite waveguide for both acoustic and optical waves by concatenating conventional SMF to a HOF by use of an adiabatic tapering technique. 3, 4 A schematic diagram of the proposed device is shown in Fig. 1 . The device consists of serially concatenated 8-cm-long SMF (Corning SMF-28) and 6-cm-long HOF. The HOF was fabricated by a modified chemical-vapor deposition process, 5 and it has a three-layered structure consisting of a central airhole, a germanosilicate ring core, and a silica cladding, as shown in Fig. 1 . The HOF used in the experiments has the following dimensions: airhole diameter of 4 mm, ring-core thickness of 4 mm, and 125-mm outer diameter cladding within 1% tolerance, where both LP 01 and LP 11 modes are allowed along the ring core. The HOF was elongated to collapse the central airhole by use of either a commercial fusion splicer or a fiber elongation machine. The collapsed part of the HOF was then cleaved to be spliced with the SMF. In Fig. 2 the adiabatic mode transformation along the SMF-HOF tapered splice is shown. Using a commercial beam propagation package, we conf irmed that the optical field was adiabatically converted from the LP 01 mode in the SMF to the ring-shaped fundamental mode of the HOF with low loss.
A shear-mode piezoelectric transducer driven by a rf signal 1 produces an acoustic vibration that is amplified and transmitted over a guiding fiber through a glass horn. The acoustic wave along the fiber generates microbending and consequently a periodic refractive-index perturbation along the composite fiber. The perturbation produces coupling from the symmetric LP 01 mode to an asymmetric guided mode when the phase-matching condition is satisf ied.
The 3-dB bandwidth (FWHM, Dl) of an AOTF is in general described by expression (1), and it is determined by the length of the fiber L and the beat-length ͑L B ͒ dispersion between the two guided optical modes:
where
b 0 and b n are the propagation constants of the LP 01 mode and the corresponding asymmetric mode in either SMF or HOF. A broadband f ilter therefore requires a short coupling length, a long beat length, and a small beat-length dispersion. Note that in our composite waveguide these parameters do differ in the SMF and the HOF, and the optical bandwidth can be varied by providing appropriate phase-matching conditions for each f iber. In the SMF segment the LP 01 mode was coupled to the cladding mode, which further propagated along the HOF segment with minimal perturbation. When the cladding modes reached the higher refractive-index polymer jacket, the light leaked out as a radiation mode to result in a band-rejection f ilter. Generally, conventional SMF-based AOTFs operate in the megahertz frequency range with a narrow bandwidth of several nanometers. 1 In the HOF segment the central airhole and germanosilica ring core result in significantly different phase-matching conditions so that the HOF AOTF is activated in the kilohertz frequency range with a much broader band of rejection. 6 Therefore we can expect the bandwidth to be varied in one device when the rf frequency is changed from the kilohertz to the megahertz range in the proposed cascaded SMF-HOF structure.
The transmission spectra of the proposed device were measured with an unpolarized broadband source, and the results are shown in Fig. 3 . The 3-dB bandwidths of 3.8, 47, and 160 nm were measured by driving the rf frequency at ϳ2 MHz, 319 kHz, and 327 kHz, respectively. When the acoustic frequency was around 2 MHz, the LP 01 core mode was coupled to the cladding mode of the SMF to result in narrow stop bands as in Fig. 3(a) . As the rf frequency decreased to the kilohertz range, the acoustic wave primarily interacted with the HOF to result in broadband characteristics. As shown in Fig. 3(b) , the bandwidth abruptly increased over 50 nm and narrow bands were no longer observed for a frequency of 319 kHz. As we further tuned the frequency around 320 kHz, an almost f lat stop band with a 3-dB bandwidth of more than 160 nm was achieved, as shown in Fig. 3(c) . Although its transmission depth is only approximately 6 dB, these results show the potential of the proposed device in a broadband, fast, all-fiber variable optical attenuator without the need for delicate etching or tapering processes. Throughout the experiments the total insertion loss of the device was maintained at less than 1 dB, which is mainly attributed to unique adiabatic transformation at the SMF -HOF splice.
Detailed broadband coupling in the HOF is analyzed in Fig. 4 for six different acoustic frequencies from 316 to 328 kHz. In the lower rf frequency range, two stop bands are clearly observed that correspond to the phase-matched couplings. As the frequency increases, or equivalently the beat-length between the coupled modes decreases, the two peaks move toward each other and finally overlap at the frequency corresponding to the minimum beat length. Then the device produces the broadband coupling, which has a 3-dB bandwidth of more than 190 nm. It is noted that the acousto-optic response of resonant peaks in the HOF shows both redshift and blueshift, whereas the standard SMF shows only monotonic blueshift as the rf frequency increases. These observations strongly indicate that the coupling mechanism and its dispersion in the HOF differ from those in the SMF. In fact, the acousto-optic coupling is provided between the fundamental and the first excited core modes in the HOF but between the core mode and the cladding modes in the SMF. This hybrid AOTF is not continuously tunable in the entire range from the narrow SMF bandwidth to that of the HOF. However, the proposed device did show the tuning ability around the characteristic resonance of the individual HOF and SMF in a discrete manner. For optimal adiabatic transformation along two waveguides whose acousto-optic resonance characteristics are within the overlapping range, continuous tuning of the bandwidth could be achieved.
To analyze and predict the coupling characteristics of the acousto-optic coupling in the HOF, f irst we note that the HOF guides two modes and the beat length between the fundamental (LP 01 ) and the first excited (LP 11 ) ring-core modes was calculated as a function of wavelength by solving Maxwell's equations. The result is plotted as filled squares in Fig. 5 . As shown in the f igure, we found that the beat length of the HOF is larger by several times than that of typical SMF, which is consistent with lower rf frequency coupling in HOF than in SMF. Another notable difference is that the HOF shows a parabolic beat-length curve, whereas the SMF shows a linear or monotonic beat-length dispersion. 7 Along with theoretical calculations, 8 experimental measurements of the beat length in the HOF are also plotted as open circles in Fig. 5 , which are in good agreement with the parabolic shape. The numerical discrepancy is attributed to adiabatic transformation along the SMF -HOF splice, and we are pursuing more-accurate calculations based on the beam propagation method.
From analysis of Fig. 5 we can describe the unique characteristics of HOF AOTFs. For a longer beat length L B , or equivalently a lower rf frequency, there are two spectral points l S and l L that satisfy the phase-matching conditions, which correspond to the upper graphs in Fig. 4 . As the beat length decreases to L B 0 and further to L B 00 , the two resonant points approach each other (l S 0 and l L 0 ) and eventually result in a single broadband coupling centered near 1.5 mm, which is consistent with the lower graphs in Fig. 4 . As expected, the widths of the resonant peaks become broader when the phase-matching condition approaches the minimum beat length.
In conclusion, we have demonstrated a novel bandwidth-control technique in a fiber AOTF by providing unique acoustic and optical guidance in a serial concatenation of SMF and HOF along with adiabatic transformation at the splice. The proposed device showed discrete bandwidth-tuning ability from 3.8 to 190 nm in 1400-1600 nm of fiber, which corresponds to resonance in SMF and HOF, respectively. The control was achieved by varying the applied rf frequency from a few megahertz to a few hundred kilohertz. This discrete bandwidth control was attributed to unique and dissimilar phase-matching conditions in the SMF -HOF composite waveguide. We further confirmed that the coupling between the core-guided modes in the HOF show parabolic beat-length dispersion with good agreement with experimental results. The proposed hybrid waveguide AOTF can endow a new degree of freedom in the design of novel dynamic wavelength-selective f ilters.
